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Spectroscopy of the hidden-charm [qc][q¯c¯] and [sc][s¯c¯] tetraquarks
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We calculate the spectrum of qq¯cc¯ and ss¯cc¯ tetraquarks, where q, s and c stand for light (u, d),
strange and charm quarks, respectively, in a relativized diquark model, characterized by one-gluon-
exchange (OGE) plus confining potential. In the diquark model, a qq¯cc¯ (ss¯cc¯) tetraquark config-
uration is made up of a heavy-light diquark, qc (sc), and anti-diquark, q¯c¯ (s¯c¯). According to our
results, 13 charmonium-like observed states can be accommodated in the tetraquark picture, both
in the hidden-charm (qq¯cc¯) and hidden-charm hidden-strange (ss¯cc¯) sectors.
PACS numbers: 12.39.Jh, 12.39.Pn, 12.40.Yx, 14.40.Rt
I. INTRODUCTION
For a few decades after the formulation of the quark
model, it was believed that baryons and mesons could
be described as the bound states of three valence quarks
and a constituent quark-antiquark pair, respectively. The
classification of ground-state hadrons could be easily car-
ried out in terms of group theoretical techniques and the
quark model formalism, while resonances might be sorted
by making use of effective potentials to describe the spa-
tial excitations related to the inter-quark motion. For
example, see Refs. [1–4].
However, more recent data from both e+e− and hadron
colliders shed light on hadrons which do not fit well into
this standard picture. They are the so-called exotic XYZ
hadrons, namely multiquark states (tetraquarks and pen-
taquarks) and particles including gluonic degrees of free-
dom (hybrids and glueballs). We are especially interested
in tetraquarks, which are mesons containing two valence
quarks and two antiquarks. Among tetraquark candi-
dates, we can mention Zc(3900) [5, 6], Zc(4020) [7, 8],
Zb(10610), Zb(10650) [9], and the well-known X(3872)
[10]. The tetraquark nature is still unclear and several
different interpretations have been proposed. They in-
clude: a) Tightly bound objects, just as in the case of
normal hadrons, but with more constituents [11–22]; b)
Hadro-quarkonia (hadro-charmonia) [23–29]; c) Loosely
bound meson-meson molecules similar to the deuteron
[30–39]; d) The result of kinematic or threshold effects
caused by virtual particles [40–44]; e) The rescattering
effects arising by anomalous triangular singularities [45–
47]. More details on the previous interpretations can be
found in Refs. [48–54]. Here, we focus on the first one.
Four quark states can in principle be bound by one-
gluon-exchange (OGE) forces. However, their possible
emergence and stability is controversial because of the
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lack of reliable and univocal experimental data. As a
consequence, tetraquark model predictions are strongly
model dependent and rely on the choice of a specific
Hamiltonian, and also on the parameter fitting proce-
dure. Despite of this, the tetraquark hypothesis is worth
to be investigated.
It is worth noting that in the tetraquark hypothesis one
obtains a four-quark spectrum which is richer than those
generated by molecular models or the inclusion of dy-
namical/threshold effects in the quark model formalism.
In particular, in molecular models one only expects to
get bound states in the proximity of meson-meson decay
thresholds; radial excitations cannot take place because
of the smallness of meson-meson binding energies. On
the contrary, if one includes threshold effects in the quark
model formalism, one gets radial excitations, but exotic
charged states of the type qq¯QQ¯, where Q is a heavy
quark, are forbidden. A comparison between theoreti-
cal predictions for the spectrum and main decay modes
of four-quark states and the existing experimental data
may allow to distinguish between the previous hypothe-
ses. The possible emergence of the fully-heavy QQQ¯Q¯
bound states may provide a strong indication in favor of
the tetraquark one [22, 55–59].
It is also worth to remind that the heavy-light
tetraquarks in a QQq¯q¯ configuration are also of consid-
erable interest.1 It would be very interesting to test
the possibility of a QQq¯q¯ tetraquark that remains sta-
ble against strong decays, but unfortunately there is no
experimental evidence yet. Theoretically, QQq¯q¯ was first
shown to be stable against strong decays by Lipkin [60]
and Ader et al. [61] long ago. Very recently, bbq¯q¯ was
shown to be stable against strong decays but not its
charm counterpart ccq¯q¯, nor the mixed (beauty+charm)
bcq¯q¯ state [62, 63]. For the detailed discussions on the
stability of different heavy-light tetraquarks, we refer to
the following recent studies [64, 65].
1 All the other possible heavy-light tetraquarks can decay strongly
by annihilating at least a quark-antiquark pair of the same flavor.
2In this paper, we compute the spectrum of qq¯cc¯ (q =
u, d) and ss¯cc¯ tetraquarks. The calculations are per-
formed within a diquark-antidiquark relativized model,
characterized by a one-gluon-exchange potential. The
effective degree of freedom of diquark describes two
strongly correlated quarks, with no internal spatial ex-
citation.
The tetraquark spectrum is obtained in a two-step
process. First of all, the diquark masses are obtained
by solving the Schro¨dinger equation with the relativized
quark-quark potential [66]. In a second stage, the
tetraquark spectrum is calculated by means of the rel-
ativized diquark-antidiquark potential [22]. Finally, by
comparing our results to the data, we are able to provide
some tentative assignments to XY Z-type states, includ-
ing X(3872), Zc(3900), Zc(4020), Zc(4240), Zc(4430),
Y (4008), Y (4260), Y (4360), Y (4630) and Y (4660) in the
qq¯cc¯ sector, plus X(4140), X(4500) and X(4700) in the
ss¯cc¯ sector. The next step of our study of fully- [22]
and doubly-heavy tetraquarks will be an analysis of the
ground-state energies and dominant decay modes, includ-
ing estimates of the total decay widths and production
cross-sections.
The paper is organized as follows. In section II, we
describe the relativized diquark model and calculation
details, and enlist our model parameters. Section III is
devoted to discussing the results, where we compare our
mass predictions both for the qq¯cc¯ and ss¯cc¯ tetraquarks
with the experimental data and those of the previous the-
oretical studies. We compare our tentative tetraquark
assignments for XY Z states with other theoretical in-
terpretations (if available). Finally, we provide a short
summary.
II. RELATIVIZED DIQUARK MODEL
In a diquark-antidiquark model, the effective degree
of freedom of diquark, describing two strongly correlated
quarks with no internal spatial excitations, is introduced.
Tetraquark mesons are then interpreted as the bound
states of a diquark, D, and an antidiquark, D¯.
The D − D¯ relative motion is described in terms of a
relative coordinate rrel (with conjugate momentum qrel),
thus neglecting the internal diquark (antidiquark) struc-
ture. As a result, one turns a four-body problem into
a two-body one and gets a spectrum which is less rich
than that of a four-body system. Something similar also
happens in the baryon sector, where the spectrum of a
quark-diquark system is characterized by a smaller num-
ber of states than that of a three quark one. For example,
see Refs. [67–72].
A. Diquark-antidiquark states
The diquark (antidiquark) can be found in two differ-
ent SUc(3) color representations, 3¯c (3c) and 6c (6¯c).
As the tetraquark must be a color singlet, there are two
possible diquark-antidiquark combinations:
1. diquark in 3¯c, antidiquark in 3c
2. diquark in 6c, antidiquark in 6¯c
Diquarks (antidiquarks) are made up of two identical
fermions and so they have to satisfy the Pauli principle,
i.e. the diquark (antidiquark) total wave function,
ΨD = ψc ⊗ ψsf ⊗ ψsp , (1)
where ψc, ψsf and ψsp are the color, spin-flavor and spa-
tial wave functions, must be antisymmetric.
Moreover, if for simplicity we neglect the diquarks’
internal spatial excitations, their color-spin-flavor wave
functions must be antisymmetric. This limits the possi-
ble representations to being only [71, 73]
color in 3¯c; symmetric ψsf (2a)
and
color in 6c; antisymmetric ψsf . (2b)
In the study of qq¯cc¯ and ss¯cc¯ tetraquarks, we consider
diquarks (antidiquarks) of the cq- and cs-type, where
q = u, d, with isospin ID = 12 or 0, respectively. Be-
cause of this, for qq¯cc¯ states both I = 0 and I = 1
tetraquark isospin combinations are possible, while in
the ss¯cc¯ case one necessarily has I = 0. We can de-
termine the JPC quantum numbers of the tetraquarks
by applying the restrictions for the diquark-antidiquark
limit, i.e. LD = LD¯ = 0 and color 3¯c ⊗ 3c. This is
because we expect that color-sextet diquarks, Eq. (2b),
will be higher in energy than color-triplet ones or even
that they will not be bound at all [18, 73, 74]. Thus, we
are left with the (2a) diquark representation. The lat-
ter can be further decomposed in terms of the diquark
spin and flavor content. As a result, we get a spin-0,
flavor-antisymmetric representation, the scalar diquark,
and a spin-1, flavor-symmetric representation, the axial-
vector diquark. With these restrictions, the parity of a
tetraquark in the diquark-antidiquark limit is
P = (−1)LDD¯ , (3)
while the charge conjugation (obviously only for its eigen-
states) is
C = (−1)LDD¯+Stot . (4)
Here, LDD¯ is the diquark-antidiquark relative orbital an-
gular momentum, and Stot = SD + SD¯.
B. Relativized model Hamiltonian
We consider the following Hamiltonian
HREL = T + V (rrel)
=
√
q2rel +m
2
D +
√
q2rel +m
2
D¯ + V (rrel) ,
(5)
3where
√
q2rel +m
2
D,D¯ are the diquark (antidiquark) ki-
netic energies, with diquark (antidiquark) masses mD
(mD¯), and V (rrel) the OGE plus confining potential. The
usual form for V (rrel) is
V (rrel) =
[
αs
rrel
− 3β4 rrel −
8piαsδ(rrel)
3mDmD¯
SD · SD¯
− αs
mDmD¯r
3
rel
(
3SD ·rrelSD¯ ·rrel
r2
rel
− SD · SD¯
)
− 34∆E
] λa
D
2
λa
D¯
2 ,
(6)
where λaD,D¯ are Gell-Mann color matrices, ∆E a con-
stant, αs the strength of the color-Coulomb interaction,
and β that of the linear confining potential.
The hyperfine interaction of Eq. (6) is an illegal opera-
tor in the Schro¨dinger equation; moreover, the Coulomb-
like potential should be regularized in the origin [13]. To
overcome these difficulties, we follow the prescriptions of
Refs. [66, 67, 75] and re-write Eq. (6) as
V (rrel) = βrrel +G(rrel) +
2SD ·SD¯
3mDmD¯
∇2G(rrel)
− 13mDmD¯
(3SD · rˆrel SD¯ · rˆrel − SD · SD¯)
×
(
∂2
∂r2
rel
− 1
rrel
∂
∂rrel
)
G(rrel) + ∆E ,
(7a)
where the Coulomb-like potential is given by [66, 67]
G(rrel) = −
4αs(rrel)
3rrel
= −
∑
k
4αk
3rrel
Erf(τDD¯krrel) . (7b)
Here, Erf is the error function [76] and τDD¯k [66, 67]
τDD¯k =
γkσDD¯√
σ2DD¯ + γ
2
k
, (7c)
with
σDD¯ =
√
1
2σ
2
0
[
1 +
(
4mDmD¯
(mD+mD¯)
2
)4]
+ s2
(
2mDmD¯
mD+mD¯
)2
.
(7d)
The values of the parameters αk and γk (k = 1, 2, 3),
σ0 and s, extracted from Refs. [66, 67], are given in Ta-
ble I. The value of the qc scalar diquark mass, M sqc, is
extracted from Ref. [16]. The values of the qs scalar
and axial-vector diquark masses, M ssc and M
av
sc , are esti-
mated by binding a sc (s¯c¯) pair via the OGE plus con-
fining potential [22, 66]. The only free parameters of our
calculation are thus the strength of the linear confining
interaction, β, the qc axial-vector diquark mass, Mavqc ,
and ∆E (see Table I); they are fitted to the reproduction
of the experimental data [77], as discussed in Sec. III A.
III. RESULTS AND DISCUSSIONS
A. qq¯cc¯ tetraquark spectrum
In Table III and Figs. 1 and 2, our theoretical pre-
dictions for the masses of qq¯cc¯ (q = u, d) and ss¯cc¯ 0++,
Parameter Value Parameter Value
α1 0.25 † γ1 2.53 fm
−1 †
α2 0.15 † γ2 8.01 fm
−1 †
α3 0.20 † γ3 80.1 fm
−1 †
σ0 9.29 fm
−1 † s 1.55 †
β 3.90 fm−2 ∆E −370 MeV
M scq 1933 MeV † M
av
cq 2250 MeV
M scs 2229 MeV M
av
cs 2264 MeV
TABLE I: Parameters of the model Hamiltonian of Eq. (5).
The values denoted by the symbol † are extracted from previ-
ous studies. In the upper part of the table, we give the values
of the Coulomb-like potential parameters, α1, α2, α3, γ1, γ2,
γ3, σ0 and s, extracted from Refs. [66, 67]. The value of M
s
cq
(q = u, d) is extracted from Ref. [16]; those of β,Mavcq and ∆E
are fitted to the reproduction of the experimental data [77].
The values of the qs scalar and axial-vector diquark masses,
M ssc and M
av
sc , are estimated by binding a sc (s¯c¯) pair via a
OGE plus confining potential [22, 66].
1++, 1+−, 1−−, 0−− and 0−+ tetraquark states are com-
pared to the existing experimental data [77]. Our results
are obtained by solving the eigenvalue problem of the
model Hamiltonian [Eq. (5)] via a numerical variational
procedure with harmonic oscillator trial wave functions.
The model parameters, reported in Table I, are partly
extracted from those of previous studies and partly fit-
ted to the reproduction of the spectrum of suspected
charmonium-like exotic states [48, 77].
1. Xc and Zc states
It is worth noting that we are able to make some
clear assignments, as in the case of X(3872), Zc(3900),
Zc(4020) and Zc(4240). This is because the mass differ-
ence between the predicted and experimental masses is
within the typical error of a quark model calculation, of
the order of 30− 50 MeV.
The X(3872), discovered by Belle in B± →
K±pi+pi−J/ψ decays [10], was the first example of
quarkonium-like candidate for a non-standard or exotic
meson. This is a well established meson [77–80], with
extremely peculiar features: its mass is 80 − 100 MeV
below quark model predictions [66] and very close to the
D0D¯∗0 threshold, it is quite narrow (Γ < 1.2 MeV) and
exhibits strong isospin violation in its decays.
In the present study, the X(3872) is interpreted as an
S-wave scalar diquark, axial-vector antidiquark bound
state with JPC = 1++ quantum numbers. This is the
same interpretation as Ref. [16], where the authors cal-
culated the spectrum of cq¯cq¯ tetraquarks by means of
an algebraic mass formula, giving the X(3872) mass as
input, and Ref. [19], where the authors calculated the
tetraquark spectrum in a relativistic diquark-antidiquark
model with one-gluon exchange and long-range vector
and scalar linear confining potentials. In the molecu-
lar model, the X(3872) is described as a D0D¯∗0 meson-
4State JPC Mexp (MeV) Γ (MeV) Observing Process Experiment
X(3872) 1++ 3871.69 ± 0.17 < 1.7 B± → K±pi+pi−J/ψ Belle
Zc(3900) 1
+− 3886.6 ± 2.4 28.1 ± 2.6 e+e− → pi+pi−J/ψ BESIII
Y (4008) 1−− 4008± 40 226± 44 e+e− → γISRpi
+pi−J/ψ Belle
Zc(4020)
± 1+− 4024.1 ± 1.9 13± 5 e+e− → pi+pi−hc BESIII
X(4140) 1++ 4146.8 ± 2.5 19+8−7 γγ → φJ/ψ CDF
Zc(4240)
± 0− 4239± 18+45−10 220± 47
+108
−74 B
0 → K+pi−ψ(2S) LHCb
Y (4260) 1−− 4230± 8 55± 19 e+e− → γISRpi
+pi−J/ψ BaBar
X(4274) 1++ 4273+19−9 56
+14
−16 B
+ → J/ψφK+ CDF, LHCb
Y (4360) 1−− 4341± 8 102± 9 e+e− → γISRpi
+pi−ψ(2S) Belle
Zc(4430)
± 1+ 4478+15−18 181± 31 B → Kpi
±ψ(2S) Belle
X(4500) 0++ 4506+16−19 92± 29 B
+ → J/ψφK+ LHCb
Y (4630) 1−− 4634+8−7 92
+40
−24 e
+e− → Λ+c Λ
−
c Belle
Y (4660) 1−− 4643± 9 72± 11 e+e− → γISRpi
+pi−ψ(2S) Belle
X(4700) 0++ 4704+17−26 120± 50 B
+ → J/ψφK+ LHCb
TABLE II: Experimental details on hidden-charm exotica which are discussed in this study. The last two columns show the
first observation mode and the experiment where the discovery took place, respectively. The enlisted values are taken from the
PDG [77].
FIG. 1: The qcq¯c¯ tetraquark spectrum (lines), obtained by
solving the eigenvalue problem of Eq. (5), is compared to the
existing experimental data for XY Z exotics (boxes). For the
numerical values, see Tables II and III.
meson bound state [32–39].
The Zc(3900) is a charged charmonium-like meson,
with 1+− quantum numbers, observed at about the same
time by BESIII [5] and Belle [6]. Its exotic quantum num-
bers and the value of its mass, about 12 MeV above the
D0D∗+ threshold, is incompatible with both the charmo-
nium and molecular model interpretations. In Ref. [24],
the Zc(3900) was interpreted as a hadro-charmonium
state, namely as a J/ψ embedded in an S-wave spin-less
excitation of the light-quark matter with the quantum
numbers of a pion, JP = 0−. Our interpretation is the
same as Refs. [16, 19], namely as the C-odd partner of
the X(3872) [16, Eq. (22)].
The Zc(4020) was seen by BESIII in a study of
hc(1P )pi
+pi− final states [7]; its quantum numbers are
JPC = 1+−. We interpret the qq¯cc¯ state of Table
III, with 1[(1, 1)1, 0]1 and 1+− quantum numbers, as
Zc(4020). Other interpretations include a D
∗D¯∗ molec-
ular state with 1+− quantum numbers [32, 38], binded
by one-pion-exchange and/or contact interactions, or a
tightly bound tetraquark configuration [16].
In 2014, LHCb confirmed the existence of the Zc(4430)
in pi±ψ(2S) and, within the same dataset, also observed a
lighter and wider structure named the Zc(4240) [81, 82].
Further experimental confirmation of the Zc(4240) would
be helpful. In our study, we interpret the Zc(4240) as a
P -wave scalar diquark, axial-vector antidiquark bound
state with JPC = 0−−.
Finally, the Zc(4430) was the first established candi-
date for a charged charmonium-like meson. It was ob-
served by Belle as a peak in the the invariant mass of the
ψ(2S)pi+ system in B¯ → ψ(2S)pi+K [83]. In our study,
we interpret the Zc(4430) as a D-wave scalar diquark,
axial-vector antidiquark bound state with JPC = 1+−
quantum numbers. However, in this case the assign-
ment is more dubious, because the experimental mass
of the meson falls in the energy interval between the
2[(1, 0)1, 0]1 and 1[(1, 0)1, 2]1, JPC = 1+− states of Table
III. It is worth noting that the Zc(4430) was interpreted
as a 2S scalar diquark, axial-vector antidiquark bound
5state in Ref. [19]. Moreover, the Zc(3900) and Zc(4430)
were assigned as the ground state and first radial excita-
tion of the same tetraquark with JP = 1+, and several
strong decays were explored [84].
2. Yc states
There is a rich spectrum of charmonium-like JPC =
1−− vector states, the so-called Y states. Below, we dis-
cuss our tetraquark model assignments.
Starting from Y (4008), the presence of a broad struc-
ture, with mass 4008 ± 40+114−28 MeV and width 226 ±
44 ± 87 MeV, was indicated by Belle in the measured
pi+pi−J/ψ mass spectrum [85]. However, BaBar did not
found the Y (4008) signal in the same e+e− → pi+pi−J/ψ
process [86]. Future experiments will give a concluding
answer about the Y (4008) existence. In our tetraquark
model calculation, the Y (4008) is interpreted as a P -wave
scalar diquark-antidiquark bound state.
Y (4260) was discovered by BaBar in e+e− → Y →
pi+pi−J/ψ [83] and then confirmed by CLEO-c [87] and
Belle [85]. We interpret it as a P -wave scalar diquark,
axial-vector antidiquark bound state. In Ref. [19] it
was described as a P -wave scalar diquark-antidiquark
bound state, in Ref. [88] as the first orbital excita-
tion of a diquark-antidiquark state csc¯s¯, but it was also
interpreted as a hybrid charmonium in Refs. [89–91].
The authors of Refs. [26, 92] also interpreted Y (4260) as
D¯D1(2420) molecule with a binding energy of 29 MeV.
Very recently, a possible molecular scenario was discussed
in a coupled-channel analysis [93].
BaBar found evidence of the Y (4360) in e+e− →
Y → pi+pi−ψ(2S) [94]; later, the Y (4360) was confirmed
by Belle, which also found another peak, corresponding
to Y (4660) [95]. Analogously as in Ref. [96], we in-
terpret Y (4360) and Y (4660) as the second and third
radial excitations of Y (4008), respectively. There are
also other possible descriptions for these states, for ex-
ample Y (4260) and Y (4360) were embedded into the
hadro-charmonium picture [25], Y (4260), Y (4360) and
Y (4660) in a baryonium description [97], while in Ref.
[98] Y (4660) is assumed to be a f0(980)ψ(2S) bound-
state.
Finally, the Y (4630) was seen in e+e− → Y → ΛcΛ¯c
by Belle [99]. We interpret it as the Y (4260) radial
excitation. In Ref. [100], the authors discussed the
Y (4630) → ΛcΛ¯c decay mode in the
3P0 model formal-
ism, under the hypothesis that the Y (4630) is a 1−−
charmonium-like tetraquark. Because of its peculiar de-
cay mode, Y (4630) was also described as a baryonium
state, namely as a ΛcΛ¯c bound state [101].
B. ss¯cc¯ tetraquark spectrum
There are charmonium-like mesons whose decay modes
and production mechanisms suggest the presence of ss¯
FIG. 2: As Fig. 1, but for ss¯cc¯ tetraquark states.
degrees of freedom in the tetraquark wave function.
A typical example is the X(4140), observed in B →
KY (4140), with Y (4140) → φJ/ψ, by CDF [102]. In
addition to the X(4140), the CDF Collaboration found
evidence of the X(4274) with approximate significance of
3.1σ [103]. The related peaks of J/ψφ mass structures
around 4.3 GeV were also reported by LHCb, CMS, D0
and BaBar Collaborations [104–107], which may be the
same state as the X(4274). Very recently, the X(4140)
and X(4274) were confirmed by LHCb, which also found
evidence of two more structures, the X(4500) and the
X(4700) [108].
We interpret the X(4140) as the ss¯cc¯ counterpart of
the X(3872); X(4500) and X(4700) as 0++ radial exci-
tations of S-wave scalar diquark-antidiquark and axial-
vector diquark-antidiquark bound states, respectively.
We cannot provide any assignment for the X(4274).
An investigation similar to ours was conducted in Ref.
[109]. There, the authors studied ss¯cc¯ tetraquarks within
the relativized quark model [66] and discussed possi-
ble assignments for X(4140), X(4274), X(4500) and
X(4700). In the X(4140) case, their interpretation co-
incides with ours. They also obtain 0++ radial exci-
tations of S-wave scalar diquark-antidiquark and axial-
vector diquark-antidiquark bound states characterized by
similar energies: one of them can be assigned toX(4700).
They could not accommodate the X(4274). Stancu cal-
culated the ss¯cc¯ tetraquark spectrum within a simple
quark model with chromomagnetic interaction [110]. She
interpreted the X(4140) as the strange partner of the
X(3872), but she could not accommodate the other ss¯cc¯
states,X(4274),X(4500) andX(4700).2 In Refs. [111], a
2 The X(4500) and X(4700) were observed at LHCb in 2016 [108],
and the X(4274) was first observed in 2011 by CDF with a small
6State JPC N [(SD , SD¯)S,L]J E
th Eexp State JPC N [(SD, SD¯)S,L]J E
th Eexp
(qq¯cc¯) [MeV] [MeV] (ss¯cc¯) [MeV] [MeV]
0++ 1[(0, 0)0, 0]0 3577 0++ 1[(1, 1)0, 0]0 3672
0++ 1[(1, 1)0, 0]0 3641 0++ 1[(0, 0)0, 0]0 4126
0++ 2[(0, 0)0, 0]0 4111 X(4500) 0++ 2[(1, 1)0, 0]0 4509 4506 ± 11+12−15
0++ 3[(0, 0)0, 0]0 4480 X(4700) 0++ 2[(0, 0)0, 0]0 4653 4704+17−26
0++ 2[(1, 1)0, 0]0 4482 0++ 3[(1, 1)0, 0]0 4926
0++ 4[(0, 0)0, 0]0 4784 0++ 1[(1, 1)2, 2]0 4843
0++ 1[(1, 1)2, 2]0 4818
0++ 3[(1, 1)0, 0]0 4899
X(3872) 1++ 1[(1, 0)1, 0]1 3872 3871.69 ± 0.17 X(4140) 1++ 1[(1, 0)1, 0]1 4159 4146.8 ± 2.5
1++ 2[(1, 0)1, 0]1 4402 1++ 2[(1, 0)1, 0]1 4685
1++ 1[(1, 0)1, 2]1 4517 1++ 1[(1, 0)1, 2]1 4799
1++ 3[(1, 0)1, 0]1 4766 1++ 1[(1, 1)2, 2]1 4838
1++ 1[(1, 1)2, 2]1 4812
1++ 2[(1, 0)1, 2]1 4843
Zc(3900) 1
+− 1[(1, 0)1, 0]1 3872 3886.6 ± 2.4 1+− 1[(1, 1)1, 0]1 4074
Zc(4020) 1
+− 1[(1, 1)1, 0]1 4047 4024.1 ± 1.9 1+− 1[(1, 0)1, 0]1 4159
1+− 2[(1, 0)1, 0]1 4402 1+− 2[(1, 1)1, 0]1 4650
Zc(4430) 1
+− 1[(1, 0)1, 2]1 4517 4478+15−18 1
+− 2[(1, 0)1, 0]1 4685
1+− 2[(1, 1)1, 0]1 4624 1+− 1[(1, 0)1, 2]1 4799
1+− 3[(1, 0)1, 0]1 4766 1+− 1[(1, 1)1, 2]1 4835
1+− 1[(1, 1)1, 2]1 4809
1+− 2[(1, 0)1, 2]1 4843
1+− 3[(1, 1)1, 0]1 4997
Y (4008) 1−− 1[(0, 0)0, 1]1 3960 4008 ± 40 1−− 1[(0, 0)0, 1]1 4506
Y (4260) 1−− 1[(1, 0)1, 1]1 4253 4230 ± 8 1−− 1[(1, 0)1, 1]1 4539
Y (4360) 1−− 2[(0, 0)0, 1]1 4353 4341 ± 8 1−− 1[(1, 1)0, 1]1 4571
1−− 1[(1, 1)0, 1]1 4545 1−− 2[(0, 0)0, 1]1 4891
1−− 1[(1, 1)2, 1]1 4570 1−− 1[(1, 1)2, 1]1 4595
Y (4630) 1−− 2[(1, 0)1, 1]1 4642 4634+8−7 1
−− 2[(1, 0)1, 1]1 4923
Y (4660) 1−− 3[(0, 0)0, 1]1 4670 4643 ± 9 1−− 2[(1, 1)0, 1]1 4955
1−− 2[(1, 1)0, 1]1 4929 1−− 2[(1, 1)2, 1]1 4975
1−− 4[(0, 0)0, 1]1 4946
1−− 2[(1, 1)2, 1]1 4949
1−− 3[(1, 0)1, 1]1 4954
Zc(4240) 0
−− 1[(1, 0)1, 1]0 4253 4239± 18+45−10 0
−− 1[(1, 0)1, 1]0 4539
0−− 2[(1, 0)1, 1]0 4642 0−− 2[(1, 0)1, 1]0 4923
0−− 3[(1, 0)1, 1]0 4954
0−+ 1[(1, 0)1, 1]0 4253 0−+ 1[(1, 0)1, 1]0 4539
0−+ 1[(1, 1)1, 1]0 4567 0−+ 1[(1, 1)1, 1]0 4593
0−+ 2[(1, 0)1, 1]0 4642 0−+ 2[(1, 0)1, 1]0 4923
0−+ 2[(1, 1)1, 1]0 4947 0−+ 2[(1, 1)1, 1]0 4973
0−+ 3[(1, 0)1, 1]0 4954
TABLE III: The qq¯cc¯ (q = u, d) and ss¯cc¯ tetraquark spectrum (up to 5 GeV), obtained by solving the eigenvalue problem of
Eq. (5) with the model parameters of Table I, is compared to the existing experimental data [77]. In the third column, we give
the quantum numbers of the predicted tetraquark states: N stands for the radial quantum number, SD and SD¯ are the spin of
the diquark and antidiquark, respectively, coupled to the total spin of the meson, S; the latter is coupled to the orbital angular
momentum, L, to get the total angular momentum of the tetraquark, J . For more details on the tetraquark basis, see App. A.
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was proposed.
By using QCD sum rules, the X(4140) and X(4274)
were interpreted as S-wave cc¯ss¯ tetraquark states with
opposite color structures [113], and, analogously, the
X(4500) and X(4700) as the D-wave cc¯ss¯ tetraquark
states with opposite color structures [112]. Maiani et al.
suggested to accommodate X(4140), X(4274), X(4500)
andX(4700) within two tetraquark multiplets. In partic-
ular, they suggested that the X(4500) and X(4700) are
2S csc¯s¯ tetraquark states, the X(4140) the 1++ ground-
state, and that the X(4274) may have 0++ or 2++ quan-
tum numbers [114].
IV. SUMMARY
We calculated the spectrum of qq¯cc¯ (q = u, d) and
ss¯cc¯ tetraquarks in a relativized diquark model, char-
acterized by one-gluon-exchange (OGE) plus confin-
ing potential [22]. According to our results, we were
able to make some clear assignments, as in the case
of X(3872), Zc(3900), Zc(4020), Y (4008), Zc(4240),
Y (4260), Y (4360), Y (4630), and Y (4660) in the qq¯cc¯
sector. Our intrepretation of the Zc(4430) is dubious,
because the experimental mass of the meson falls in the
middle of the energy interval between our 2[(1, 0)1, 0]1
and 1[(1, 0)1, 2]1 tetraquark model predictions of Table
III, with JPC = 1+−. In the ss¯cc¯ sector, we could accom-
modate the X(4140), X(4500) and X(4700). We could
not provide any assignment for the X(4274). A study
of the main decay modes of XY Z-type exotics in the di-
quark model will be important to provide a more precise
identification of tetraquark candidates.
Our relativized diquark-antidiquark model results are
strongly model dependent. The possible sources of the-
oretical uncertainties lie in the choice of the effective
Hamiltonian and model parameter fitting procedure, and
also in the approximations introduced in the tetraquark
wave function. The latter are strictly related to the pos-
sible ways of combinating the quark color representations
to obtain a color singlet wave function for the tetraquark.
The next step of our study of fully- and doubly-heavy
tetraquarks will be an analysis of the ground-state en-
ergies, dominant decay modes and production mecha-
nisms, including estimates of total decay widths and pro-
duction cross-sections. More precise experimental data
for the exotic meson masses and properties and a de-
tailed comparison between the calculated observables in
the main interpretations (tetraquark, molecular model,
hadro-quarkonium, and so on) may help to rule out one
or more of these pictures.
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Appendix A: Classification of tetraquark states
We report a classification of possible tetraquark states.
In the following, we use the notation:∣∣JPC〉 = |[(SD, SD¯)S , L]J〉 , (A1)
where the diquark, SD, and antidiquark, SD¯, spins are
coupled to the total spin, S; then, the total spin and the
orbital angular momentum, L, are coupled to the total
angular momentum, J .
• JPC = 0++∣∣0++〉 = |[(0, 0)0, 0]0〉 (1S0) , (A2a)
∣∣0++〉 = |[(1, 1)0, 0]0〉 (1S0) , (A2b)
∣∣0++〉 = |[(1, 1)2, 2]0〉 (5D0) . (A2c)
• JPC = 1++
|1++〉 = 1√
2
[|[(0, 1)1, 0]1〉
+ |[(1, 0)1, 0]1〉] (
3S1) ,
(A3a)
|1++〉 = 1√
2
[|[(0, 1)1, 2]1〉
+ |[(1, 0)1, 2]1〉] (
3D1) ,
(A3b)
∣∣1++〉 = |[(1, 1)2, 2]1〉 (5D1) . (A3c)
• JPC = 1+−∣∣1+−〉 = |[(1, 1)1, 0]1〉 (3S1) , (A4a)
|1+−〉 = 1√
2
[|[(0, 1)1, 0]1〉
− |[(1, 0)1, 0]1〉] (
3S1) ,
(A4b)
|1+−〉 = 1√
2
[|[(0, 1)1, 2]1〉
− |[(1, 0)1, 2]1〉] (
3D1) ,
(A4c)
∣∣1+−〉 = |[(1, 1)1, 2]1〉 (3D1) . (A4d)
• JPC = 0−+
|0−+〉 = 1√
2
[|[(0, 1)1, 1]0〉
+ |[(1, 0)1, 1]0〉] (
3P0) ,
(A5a)
∣∣0−+〉 = |[(1, 1)1, 1]0〉 (3P0) . (A5b)
8• JPC = 0−−
|0−−〉 = 1√
2
[|[(0, 1)1, 1]0〉
− |[(1, 0)1, 1]0〉] (
3P0) .
(A6)
• JPC = 1−−∣∣1−−〉 = |[(0, 0)0, 1]1〉 (1P1) , (A7a)
∣∣1−−〉 = |[(1, 1)0, 1]1〉 (1P1) , (A7b)
|1−−〉 = 1√
2
[|[(0, 1)1, 1]1〉
− |[(1, 0)1, 1]1〉] (
3P1) ,
(A7c)
∣∣1−−〉 = |[(1, 1)2, 1]1〉 (5P1) . (A7d)
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